Ordered packing has previously been considered for porous media applications in the industrial and 16 analytical worlds, with implementation constrained only by the lack of feasible fabrication methods. 17
influence of rotations of the ordered configurations was then considered, indicating that orientational 23 changes with respect to the main flow axis can strongly affect minimum plate height. In particular, it is 24 demonstrated that targeted rotations of ordered packings can reduce axial dispersion while 25 improving transverse dispersion, thus improving chromatographic performance. This principle is 26 clearly shown in a strong linear correlation between tortuosity and plate height, offering an additional 27 parameter to enable a priori control of the performance of ordered packings. Furthermore, rotation 28 of the packing does not change porosity or surface area and has a relatively small effect on 29 permeability. Thus, highly permeable packings with poor dispersion can be improved in terms of 30 chromatographic impedance by simple rotation of the packing orientation. This work further 31 demonstrates the advantages of ordered packings over randomly packed beds, and introduces new 32 perspectives on the development of chromatographic structures with improved performance. 33 34 35
Introduction 36
The stationary phase in traditional liquid chromatography columns is composed of randomly packed 37 beads. Packing processes are strongly dictated by manufacturing capability, and variants of slurry 38 packing are almost universally applied in both industrial and analytical column production [1] [2] [3] . Until 39 now, slurry packing has been the exclusive method by which chromatography columns are produced, 40
with the resulting disordered packing simply regarded as an unavoidable outcome. However, column-41 to-column variability is often observed, mainly resulting from the random nature of this fabrication 42 step, thus impacting product consistency [4, 5] . Accordingly, all columns undergo stringent quality 43 control and validation procedures to ensure random packing is free from major defects that would 44 2 lead to a number of issues such as channelling, stagnation regions or other non-ideal flow behaviours, 45 which negatively impact chromatographic performance [6] . 46 47 Schure et al. were the first to challenge the concept of randomly arranged particles, and speculated 48 about the advantages of ordered packings in chromatographic columns [7] . Using the Lattice 49
Boltzmann Method (LBM), they demonstrated that the height equivalent to a theoretical plate (HETP) 50 for a face centred cubic (FCC) packing of spheres was considerably lower than that for randomly 51 packed spheres over a broad range of reduced velocities. There has been only a handful of 52 computational studies since Schure's initial research, e.g. ordered packings of ellipsoidal particles [8, 53 9] or pillar arrays [10, 11] , yet all of these studies have consistently demonstrated that ordered 54 packings have the capability to outperform random arrangements of spherical particles. The tangible 55 improvement in chromatographic performance is mainly related to a reduction in eddy dispersion in 56 ordered packings. Despite the promise of such theoretical results, technical and financial constraints 57 have precluded the manufacture of columns with precisely ordered packings until now. 58 59
An imminent paradigm shift in column manufacturing is now offered by additive manufacturing 60 technology (AM, or 3D printing) , as it enables the creation of complex geometries with high precision. 61 3D printing was recently employed by Fee et al. to fabricate perfectly ordered column packings, 62
revolutionizing the design and production of chromatographic stationary phases [12] . Later, Nawada 63 et al. evaluated the performance of 3D printed beds of ordered particles, thus experimentally 64 validating the trends predicted by the above computational studies [13] . The exponential growth we 65 are currently witnessing in the 3D printing arena indicates that AM methods with improved 66 resolution, reduced printing times, and enlarged build sizes will soon be available, making the printing 67 of chromatographic stationary phases a reality at industrial scale. Clearly, AM now provides a 68 completely new context for computational studies of perfectly ordered column configurations. 69
Computational Fluid Dynamics (CFD) applied to hypothetical arrangements of particles is no longer an 70 academic speculation but rather offers a predictive tool to help identify suitable geometries for 71 chromatographic operations in a time and cost-efficient manner [14] . Identical geometries can later 72 be fabricated using AM tools to finally obtain physical replicas of improved chromatographic packings. 73 74
Among the CFD methods currently available, the LBM is currently preferred when modelling complex 75 geometries such as porous media [7, 10, 11, 15] To simulate fluid flow and dispersion in the mobile phase of the domain, the LBM was used. The LBM 114 is a method that has been the subject of rapid development in the last decade because of its 115 suitability for simulating complex geometry flow fields, such as those in porous media [16, 17, 19] . 116 117
This approach considers a fluid as a collection of particles, unlike the standard Navier-Stokes 118 approach, which considers a fluid body as a continuum. The LBM uses a probability density function 119 (PDF) to convert the discrete particle system into a continuous variable, which is subsequently 120 discretized into a homogenous grid to perform the numerical iterative solution procedure. 121
Macroscopic variables may then be calculated as moments of the PDF. Although the LBM is based on 122 a rarefied gas system, it may be extended to liquid systems by artificially manipulating the Mach 123 number to approach a compressibility limit. 124 125
Further details on the LBM parameters used are noted in Section 2.4. 126 127 2.3. Domain and Boundary Conditions 128
The domain was spatially discretized using a homogeneous mesh, comprised of 30 3 nodal points per 129 spherical particle (mesh independence study described in Section 3.1). Two superimposed lattices 130 were applied, the first to resolve the steady-state velocity field and the second applied subsequently 131 to resolve the advection-diffusion field. 132 133
Both random and ordered packings were considered in this work. All packings were generated from 134 spherical particles with a uniform diameter of 200 µm, i.e. the minimum diameter that can be 135 currently achieved reliably in some commercial 3D printers [20] . The position of each spherical 136 4 particle is identified by the location of its centre, which in turn depends upon the packing 137 configuration. -Velocity lattice: a flat velocity profile was defined at the inlet of the domain using a Dirichlet 164 boundary, representative of an ideal and uniform inlet distribution across the entire cross-165 section of the column. A zero-pressure condition was set at the outlet to generate a pressure 166 gradient along the axial length of the column.
167
-Advection-diffusion lattice: a Dirichlet boundary was used at the inlet to generate a uniform 168 concentration profile, indicative of an ideal and uniform distribution of an inert tracer at the 169 column entrance. The concentration of the tracer at the inlet boundary was manipulated to 170 simulate pulse injections. While pulse injections are mathematically described by the Dirac 171 function, the large concentration gradients arising from this function lead to numerical 172 instabilities in simulation environments [22] . Therefore, a hyperbolic tan function was used to 173 model the inert tracer pulse, providing a smooth and stable, yet physically realistic, pulse of 174 tracer into the column. The outlet was defined as a Neumann boundary, through which the 175 diluted tracer exited the column. 176 177
The "bounce-back" condition was imposed at the solid-fluid interface surrounding the spherical 178 particles in both lattices. This corresponds to the no-slip condition in the velocity lattice, while it 179 excludes mass transport inside the particles in the advection-diffusion lattice, thus effectively 180 simulating non-porous beads [23] . 181 182 5 All simulated packings had rectangular overall cross-sections to maintain the integrity of the cubic 183 unit cell across the entire column domain. Use of a rectangular geometry does not represent a 184 limitation when the performance of the packing alone (i.e. without walls) is considered, because the 185 behaviour of the unit cell is fully representative of the wider homogeneous packing [7, 10, 11, 15] particles in the flow system, usually over multiple runs [7, 26] . In the reference diffusion system, the 200 velocity and concentration fields were In our approach, the steady state velocity flow fields were first solved and then an idealized pulse of 205 low molecular weight, inert tracer (nominally NaCl) was applied at the column inlet. Accordingly, 206 collision and streaming steps were initialized on the velocity lattice until the system reached steady 207 state. The concentration pulse was then introduced at the inlet of the domain and simulation on the 208 advection-diffusion lattice was commenced. Advection parameters were passed passively from the 209 velocity lattice to the advection-diffusion lattice, assuming that the tracer had negligible effect on 210 fluid properties (density, viscosity) and hence did not affect the velocity profile. The residence time 211 distribution (RTD) curves were determined by monitoring the NaCl concentration downstream over 212 time, conveniently mimicking experimental practice using an inert tracer in real systems. This 213 approach differs from previous studies [7, 10, 11, 15] , in which RTDs were constructed from 214 summation of the residence times for individual "particles" generated at various starting points across 215 the column cross-section over multiple runs. 216 217
The two key non-dimensional numbers of this problem are the Reynolds (Eq. 1a) and Peclet numbers 218 (Eq. 1b), which are indicative of the regimes present in the flow and in the advection-diffusion lattices, 219
respectively. These two non-dimensional parameters are directly linked by the ratio of the kinematic 220 viscosity of the fluid, ν, and the diffusion coefficient of the solute, D, also known as the Schmidt 221 number (Eq. 1c), which is 500 for the systems investigated in this work. 222 223 The theoretical plate height values were derived from the simulated RTD profiles. In turn, these were 243 generated as a series of time snapshots of the average concentration at specific transverse cross-244 sections in the column (Eq. 2). 245 246 sphere, as reasonable compromise between simulation accuracy and the large number of particles 296 entering the simulation [10, 11, 15] . Mesh independence was also analysed in this work to determine 297 the appropriate number of nodes required to properly describe the spherical particles (Fig. 2) . At 30 3 298 nodes per particle, the error for both plate height and permeability was at most 7% from the 299 reference values measured at a resolution of 90 3 . At 50 3 nodes, the error reduced to at most 2.5% 300 from the reference. As the resolution increases, the simulation time increases at a rate proportional 301 to R 5 and the memory requirements increase proportional to R 3 (where R is the system resolution). 302
Considering the computing resources available, we concluded that R = 30 3 was a good compromise 303 for reliably solving simulations in a reasonable time. 304 305 306
Entry Length 307
The Neumann and Dirichlet boundary conditions selected at the entrance and exit of the packings are 308 8 descriptive of a chromatography column with "real" inlet and outlet. This choice had the benefit of 309 enabling us to monitor the flow and concentration profiles at various points within the column, which 310 should provide advantages when extending these models to real adsorption problems. This is an 311 element of novelty with respect to previous work, where periodic boundaries in the axial direction 312 were used [7, 26] . Accordingly, the domain was composed of an appropriate series of unit cells (Fig. 1)  313 aligned in the axial direction. In such domains, a transition from flat velocity profile and fully 314 developed flow occurs in an entrance region downstream of the column inlet [34] . In this work, the 315 entry length was determined by comparing the reduced plate height between two consecutive 316 sampling cross-sections (Eq. 2), and checking if this remained unchanged within 1% for each sampled 317 section thereafter. For ordered packings, the relevant RTD curves were simulated at cross-sections 318 positioned at periodic intervals along the axial length (Fig. 3a) . For random packing, cross-sections 319 were located at intervals spaced at the characteristic particle length, i.e. the particle diameter. 320 321
For the ordered packings, entry length reduced as bed porosity decreased from SC to BCC to FCC (Fig.  322 3, Table 1 ). This result indicates that a more compact bed, with lower degrees of channel-like flow 323 patterns, has the capability to more efficiently disrupt the inlet linear flow profile. This same 324 observation can be made in terms of tortuosity (Fig. 3) As introduced in Section 2.4, the simulation approach used in this work differed from the 347 methodology used by both Schure et al. [7] and Khirevich [26] in their computational studies on 348 particle packing. First, the previous authors used the Random Walk Particle Tracking (RWPT) method 349 to simulate tracer particles in the porous system and, second, they used periodic boundary conditions 350 to simulate an infinitely long column. Our simulation procedure was therefore first validated by 351 comparing the reduced plate height of close random packing against these previous studies. The van 352 Deemter curves presented in Fig. 4 orientation, the axial flow direction is orthogonal to the standard cubic cell face (Fig. 1) . As noted 386 above, the reduced plate height data for ordered sphere packings again differed quantitatively from 387
Schure's initial study, but they are in agreement with a recent study by Li et al [8] , who used analytical 388 methods to produce their data (Fig. 6 ). 389 390
Orientation of the ordered packing with respect to the axial direction, i.e. the main direction for fluid 391 flow, is one of the key degrees of freedom that was expected to produce significant changes in the 392 flow patterns. In turn, this should affect the dispersion behaviour within the packing and 393 consequently chromatographic performance. In Fig. 7 we show the van Deemter curves for all the lattice configurations and orientations 400 considered, while Low bed voidage has generally been considered critical to ensure good chromatographic performance 464 in randomly packed beds. Approaching the theoretical limit of random close packing is the ideal goal 465 in conventional packed columns because this ensures the absence of channelling or dead zones. The 466 results from our study challenge, for the first time, the concept that excellent chromatographic 467 performance is only possible at low bed porosities. A simple correlation between porosity and 468 reduced plate height does not hold in ordered arrays of spheres, and other parameters and conditions 469 must therefore be taken into consideration. It is possible that these other factors have greater 470 influence on column performance. 471 472
The two main dispersion terms in chromatography are associated with the transverse and axial 473 directions [40] . Good transverse dispersion is desirable because it ensures uniform properties over 474 column cross-sections and helps reduce variations in axial velocity associated with defects in the 475 packing [10] . On the other hand, axial dispersion is responsible for band broadening effects and 476 should be kept as low as possible [31] . Coupling of these two parameters finds an analogy in the 477 tortuosity, a metric that describes the axial deviation of the flow paths in a system. In porous media, 478 tortuosity gives an indication of how the flow paths differ, on average, from straight flow channels. 479
Several methods have been proposed to determine the tortuosity of a flow system using the shape of 480 the flow channels. In this study, we used the procedure proposed by Matyka and Koza, in which the 481 tortuosity is computed from the flow field itself, as the ratio between the sum of the magnitudes of 482 the velocity vectors and the sum of their axial components [33] . Here, tortuosity in ordered packing 483 was calculated in a single unit cell after the entrance region, while it was averaged over ten samples 484 of 50 3 simulation nodes in size (approx. [1.5 d p ] 3 ) on the five independent random packings 485 considered. It was first verified that, for any given packing beyond the entry length, the tortuosity was 486 independent of reduced velocity and column location. This is reasonable as the flow field was always 487 within the laminar regime. The resulting tortuosity values, T, are summarized in Table 2.  488  489 Rotation of the regular packings had an appreciable effect on the resulting tortuosity and, in turn, on 490 the fluid flow patterns (Fig. 9 ). The SC [001] packing, with highest axial dispersion, presented inter-491 particle channels mainly extending in the axial direction, with relatively little transverse flow. In this work, the LBM model was used to simulate the flow and extra-particle mass transfer properties 531 within ordered and random arrangements of non-porous, monodisperse spherical particles. The 532 approach taken, including the initial and boundary conditions, was analogous to practical 533 experimental systems, offering a new tool for the CFD simulation of real chromatographic columns. 534
Although ordered lattices of particles have been, prior to now, regarded as purely hypothetical 535
propositions, the emergence of additive manufacturing methods offer the potential to manufacture 536 complex 3D objects, thus changing the context of porous media design to one of industrial relevance. 537 13 CFD can therefore serve as a basis to design, a priori, porous stationary phases for chromatography 538 columns with improved geometries, which can then be manufactured using AM. 539 540
Several packing geometries were discussed in terms of reduced plate height, permeability, separation 541 impedance, and tortuosity. The influence of the orientation of the ordered beds with respect to the 542 main direction of flow was evaluated, a novel concept not previously considered in ordered packings. 543
While the orientation of the packing has no effect in randomly packed beds, we propose that the 544 alignment of the packing with respect to the bulk flow offers a new consideration in ordered packing 545 design. We found a linear inverse relationship between tortuosity and minimum reduced plate height 546 for the ordered packings investigated, demonstrating that ordered packings characterized by higher 547 tortuosity promote transverse mixing while reducing axial dispersion. However, bed permeability 548 depends mainly upon the porosity of the bed (for a given characteristic dimension of the spherical 549 particles), so the pressure drop across beds with same packing arrangement is virtually independent 550 of tortuosity. Thus, appropriate rotation of the lattice results in a stationary phase with higher 551 tortuosity and smaller reduced plate height but without a concurrent increase in pressure drop, 552 effectively leading to improved chromatographic performance in terms of minimum separation 553 impedance. This behaviour was particularly strong for the SC [111] configuration, which achieved the 554 lowest separation impedance amongst the simulated packings studied because it has a relatively 555 loose structure (48% bed porosity, leading to low pressure drops), and a low plate height (because of 556 the high tortuosity of its internal flow paths orientation between Li et. al [8] and this work. 667 Table 2 
